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Morphogenesis: FGF branches out
Helen Skaer
Signalling via tissue-specific receptors for fibroblast
growth factor is important in tracheal branching and
mesodermal patterning in Drosophila; both processes
may involve a common primary response — detachment
and directed migration of the target cells — that is
conserved from worms to mammals.
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Fibroblast growth factors (FGFs), which were originally
identified as potent mitogens for cultured fibroblast cells,
play key roles in the cell signalling that underpins the
normal development of the vertebrate embryo. The
mammalian FGF family includes at least nine ligands,
with four separate genes encoding their receptors; an
even larger variety of receptor isoforms are produced by
differential RNA splicing. Two FGF receptor homo-
logues are known in the fruitfly Drosophila melanogaster
and were originally identified by sequence similarity to
vertebrate FGF receptors [1,2]. One of these receptors
was found to be expressed during embryogenesis in the
respiratory or tracheal system, and in midline glia of the
central nervous system. Mutations affecting the receptor
severely disrupt the development of both these tissues.
In the midline, targeted migration of specific glial cells
was affected, and in the tracheal system, the normal
branching of the respiratory tubes failed; because of the
latter phenotype, this FGF receptor gene was called
breathless [3].
In a recent paper, Sutherland et al. [4] reported the isola-
tion of a Drosophila FGF homologue with an expression
pattern and mutant phenotype indicating that it encodes
a ligand for the Breathless receptor. From the striking
effects of loss-of-function mutations in this gene, it has
been called branchless. At about the same time, two other
reports were published [5,6] describing the activity of the
other Drosophila FGF receptor homologue, which has a
very different expression pattern from breathless and
mutations of which cause totally different defects; the
most striking of these mutations gives the gene its name,
heartless. The results reported in these three papers
suggest a common cellular response to FGF signalling
which may have been conserved from worms to
mammals.
The tracheal system in Drosophila (Fig. 1a) develops from
ten clusters of approximately 80 ectodermal cells on either
side of the embryo. Each tracheal cluster invaginates and,
without further cell division, gives rise to a hemisegment
of the tracheal system by a sequence of branching events.
The pattern of primary and secondary branches is stereo-
typical and, by the fusion of specific partners, produces an
interconnected network of airways. In contrast, the forma-
tion of terminal branches is continuous and variable and
may depend on the oxygen requirements of the tissues
they supply during larval development. 
The tracheal defects of embryos with loss-of-function
mutations in either breathless or branchless are very similar;
Figure 1
Development of the tracheal system in (a) a wild-type Drosophila
embryo, (b) a branchless mutant embryo, and (c) a transgenic embryo
in which branchless, which encodes an FGF, is ubiquitously
expressed. In the transgenic embryo, massive networks of fine
branches replace the normal tracheal branching pattern.
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the initial specification and division of tracheal cells is
normal and tracheal sacs invaginate as in wild-type
embryos, but no primary or secondary branches form (Fig.
1b). Strikingly, while breathless is expressed in the cells of
the developing trachea, branchless is expressed outside the
tracheal system in a highly dynamic pattern, in groups of
cells adjacent to those points along the tracheal tube
where branches are about to form. Interestingly, as the tra-
cheal cells move out to form a branch, they contact the
branchless-expressing cells and the expression of this gene
shuts off. These observations suggest that the Branchless
ligand not only promotes cell migration but also controls
its direction, and that the signalling cells might be sensi-
tive to feedback from their target cells.
The similarity of the defects in breathless and branchless
mutants, and the complementarity of the expression pat-
terns of the two genes, suggest that Branchless is indeed a
ligand for the Breathless receptor (and, incidentally, that
this ligand–receptor interaction is specific and Branchless
is not a ligand for the other Drosophila FGF receptor).
Sutherland et al. [4] describe both genetic and biochemical
evidence that this is the case. Firstly, reducing the dosage
of both genes, in a double heterozygote, gives stronger
defects than reducing the dose of either gene alone. Sec-
ondly, expression of an activated form of the breathless
receptor can rescue some branching in branchless mutant
embryos. Thirdly, a breathless mutation blocks the exces-
sive branching produced when branchless is ubiquitously
expressed using a heat-shock promoter (Fig. 1c). And
lastly,  the relatively low level of tyrosine autophosphory-
lation characteristic of Breathless activation in wild-type
embryos is increased eight-fold when branchless is ubiqui-
tously expressed [7]. These results lead to the conclusion
that Branchless and Breathless are partners in stimulating
the directed migration of tracheal cells that underlies the
normal growth of the tracheal tree.
The second Drosophila FGF receptor gene, heartless, is
expressed predominantly in the mesoderm, the tissue
most affected by heartless mutations [5,6]. In wild-type
embryos, the initial specification of the mesoderm occurs
before the cells invaginate during gastrulation. Later, most
mesodermal derivatives are patterned from groups of cells
once they have moved into the embryo and spread out
along the ectoderm in the dorsoventral axis. As in the tra-
cheal system, cells are allocated and proliferate normally
in heartless mutants, and initial invagination of the meso-
derm during gastrulation occurs normally. However, later
patterning of the mesoderm is deranged, with dorsal ele-
ments, such as the heart and visceral mesoderm, missing
and the dorsal somatic muscles reduced and abnormally
arranged. The primary defect underlying these abnormali-
ties occurs much earlier, when the invaginated mesoderm
fails to migrate along the adjacent ectoderm to form a
uniform single layer of cells covering the full dorsoventral
extent. Instead, cells remain adhering to one another in a
multilayered cluster (compare Fig. 2a,c,e with b,d,f).
The patterning defects in heartless mutants could result
from a failure of mesodermal cells to be in the right place
to receive inductive signals from the dorsal ectoderm. One
of these signals, Decapentaplegic (Dpp), a member of the
transforming growth factor b family, is expressed in the
dorsal ectodermal cells and induces both cardiac and vis-
ceral mesoderm [8,9]. Beiman et al. [5] showed that the
mesoderm of heartless mutants is still competent to
respond to Dpp signalling — cells expressing a marker for
cardiac and dorsal muscle cells were found in mutant
embryos in which dpp was ectopically expressed either in
Figure 2
Ingression and lateral spreading of mesodermal cells in wild-type
(a,c,e) and in heartless mutant (b,d,f) Drosophila embryos. The panels
show sectioned embryos of different developmental stages: (a,b)
during gastrulation; (c,d) early during the extended germ band stage;
(e,f) late during the extended germ band stage. Signals (arrows) from
the dorsal ectoderm pattern the mesoderm in wild-type embryos (e)
but do not reach the mesoderm in mutant embryos (f).
R240 Current Biology, Vol 7 No 4
the mesoderm or throughout the ectoderm. This confirms
that mesodermal patterning is aberrant in heartless mutants
because cells fail to reach the destination in which they
normally receive signals to specify their fate (Fig. 2e,f).
The analysis of all three genes, breathless, branchless and
heartless, indicates that there is a common defect when
FGF receptor signalling in Drosophila fails, namely that
cells do not embark on the directed migration that charac-
terizes their normal development.
Although there is clear evidence that FGFs can stimulate
vertebrate cell migration, as in wound healing and angio-
genesis [10], FGF signalling in vertebrates produces a
bewildering array of cellular responses, including cell divi-
sion, fate determination, morphogenetic movements,
target recognition, cell survival, cell fusion and differentia-
tion. Analysis of the Drosophila heartless gene, however,
indicates the importance of differentiating between
primary effects and their consequences. Might some of
the effects of FGF stimulation in vertebrates be secondary
consequences of the same primary response — cell
detachment and directed migration — that appears to
mediate FGF’s role in Drosophila tracheal and mesoderm
development? Taking the development of functionally
equivalent tissues in vertebrates, the lungs and ingressing
mesoderm, clear parallels emerge.
Vertebrate lungs develop by branching of paired buds,
simple epithelial outgrowths of the gut, which express
the FGF receptor FGFR-2. Peters et al. [11] constructed
transgenic mice expressing a dominant-negative mutant
form of an FGF receptor specifically in the developing
lungs. (As FGF receptor molecules dimerize during
ligand-induced activation, this strategy effectively inacti-
vates the endogenous, wild-type receptor molecules.)
The results were dramatic. The embryos were normal in
all respects, except that the lung buds showed a severe
reduction or absence of branching. As in the fruitfly, pri-
mordial cells are allocated and the initial outgrowth
occurs normally, so that the transgenic mice developed
two simple unbranched tubes lacking alveoli and conse-
quently died of asphyxia after birth. In this case, the
failure to differentiate terminal respiratory structures
may well have resulted from the primary defect in
branch formation.
Gastrulation in mammals consists of a complex series of
cell migrations, which can be divided into distinct events
that take place at different times. Early on, cells ingress to
form a mesodermal layer and then migrate anteriorly,
laying down the axial mesoderm — the prechordal plate
and notochord. Later, cells move posteriorly and laterally
to form the paraxial, intermediate and lateral mesoderm.
In ‘knockout’ mice in which the gene encoding the FGF
receptor FGFR-1 has been inactivated by targeted recom-
bination, the early migrations occur normally but later
elongation of the anterior–posterior axis fails, so that
somites and limb buds fail to differentiate and tail struc-
tures are highly abnormal [12,13]. These phenotypes were
attributed to defects in cell proliferation, migration and
patterning. 
A detailed analysis of cell proliferation in the FGFR-1-
deficient mice is yet to be made [13], but two lines of evi-
dence indicate that the patterning defects, as in Drosophila
heartless mutants, might result from a failure of directed
cell migration. Firstly, lateral elements are lost at the
expense of a widening of midline elements, suggesting
that, when cells fail to leave the axis, they become pat-
terned to form axial structures. Secondly, Deng et al. [12]
showed that, when clusters of embryonic stem cells
lacking FGFR-1 were injected into nude mice, they were
capable of differentiating into paraxial structures such as
skeletal muscle. Just as in the fruitfly, it seems that meso-
dermal specification and early migration in vertebrates
occur normally in the absence of FGF signalling, but that
later patterning is disrupted because mesodermal cells fail
to migrate once they lie inside the embryo.
Mutations of egl-15, a nematode gene that encodes an
FGF receptor, shows that this receptor is required for the
directed migration of sex myoblasts, essential for the
normal development of the gonad [14]. Although these
examples show that there may be parallels between the
cellular response to FGF in worms, flies and vertebrates,
there are many examples in the vertebrate literature
where the correspondence between a possible common
primary defect — a failure of cell rearrangement and tar-
geted migration — and the phenotypes observed to result
from changes in FGF activity are less clear. It may be that
cells do respond differently to signals in different contexts
but, as the three recent Drosophila papers [4–6] demon-
strate so clearly, there is compelling evidence that the
diverse effects of FGF signalling in complex systems
might be found to be consequent upon a common initial
cell response.
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If you found this dispatch interesting, you might also want
to read the August 1997 issue of
Current Opinion in
Genetics & Development
which will include the following reviews,
edited by Kathryn V. Anderson and Rosa
Beddington, on Pattern Formation and
Developmental Mechanisms:
Morphogen gradients in imaginal discs
G. Struhl
Evolutionary changes in cell lineages
P. Sternberg
Left/right asymmetry
E. Robertson
Neural tube morphogenesis
K. Schughart
Catenins/LEF1 in wnt/wg signaling
M. Peifer
Notch in mammals
E. Robey
Transport of homeodomain proteins
S. Hake
Cell signaling in root development
B. Scheres
MADs in BMP/TGFb signaling
R. Harland and J. Baker
Polycomb/trithorax gene function in mammals
A. Gould
Digit patterning
L. Niswander
Butterfly wings and peacock feathers
V. French
T-box genes
J. Smith
Regulation of Notch
P. Simpson
Compound mutants in Hox genes
P. Chambon
Sonic hedgehog and somite patterning
A. Mcmahon and T. Yamaguchi
If you are, or become, a member of BioMedNet, the
worldwide club for biomedical scientists
(http://BioMedNet.com/), you can access any of these
reviews for $1 each.
